Introduction
Anaerobic digestion has been a relatively widely used method in the last few years as an effective treatment process for wastewater with a high concentration of organic matter, such as tannery and urban wastewaters as well as those from the agro-alimentary industries [1, 2] .
There are several uses which can be made of the effluents from anaerobic treatment; one of these is the direct application as fertilizer. The agronomic value of this is due to the high content of macro-and micronutrients as well as the high content of organic matter [1, 3] .
One of the characteristics of the effluent is the presence of heavy metals [1, 3, 4] . If these are found in excessive concentration, they can give rise to phytotoxic action by accumulating in plants, and subsequently progress through trophic chains [5] [6] [7] .
Effluent streams from the leather tanning and finishing industry present a difficult challenge for economical waste treatment [3, 8, 9] . Such wastewaters contain large quantities of biochemical oxygen demand (BOD), affecting materials consisting primarily of dissolved and suspended hair proteins from the unhairing step when the hides are prepared for tanning [3, 8, 9] . The number of suspended and dissolved solids is high because of the use of large quantities of salt and lime in various steps of leather manufacture [8, 10] . Sodium sulphide, used in the unhairing process, in addition to lesser amounts of salt, blood, flesh particles and manure add to the chemical oxygen demand (COD) [8, 9, 11] . These constituents all contribute to the difficulty of treating tannery wastewater by conventional treatment schemes [3, 10, 11] .
On the other hand, chromium III is widely used as a tanning agent in the leather industry and is a major source of contamination because of the large volume of "exhausted" liquid discharged and solid sludge produced [3, 8, 12, 13] .
A previous study on the anaerobic reactor for the treatment of tannery wastewater showed reasonable efficiency [3] , but the level of chromium in the sludge residue exceeded the permitted level according to the German regulation (900 mg/kg as dry weight) [14] . The conventional aerobic treatment alone, however, has not been shown to achieve the proposed standards set for the tanning industry.
The present investigation, therefore, was conducted to examine the efficiency of the combined anaerobic-aerobic reactors for the treatment of such tannery wastewater while intensive study was carried out on the fate of chromium and the other associated metals. The elimination rates of these metals with respect to each successive step of the anaerobic-aerobic reactors was studied. In addition, the level of sulphide, sulphate, total Kjeldahl nitrogen (TKN), ammonia nitrogen and COD were investigated. The levels of metals in the wastewater and the sludge of the influent as well as the effluent of both anaerobic and aerobic reactors were investigated. Correlation between the physico-chemical characteristics of the wastewater influent and effluent was determined along with the level of heavy metals.
Materials and methods
The wastewater used in this study was obtained from three different chromium tannery industrial factories (A, B and C). The wastewater samples were drawn once a week from an equalizing tank with a retention time of 48 hours for (A) and (C), and 12 hours for (B) at the tannery. The samples were then transported to Berlin, where they were stored for seven to 14 days in a feeding tank. The aim was to run the present study under almost the same experimental conditions. A combination of anaerobic and aerobic pilot plants was erected at Technische Universität Berlin (TU Berlin) for the purpose of treating these tannery wastewaters (Figure 1 ). The wastewater samples were subjected first to the anaerobic followed by the aerobic treatment. The raw tannery wastewater samples were used without any dilution. The original pH-value, which ranged from 8 to 12, was adjusted to 7 using H 3 Daily samples were collected five days a week and mixed together as a one composite sample. These samples were:
• Raw wastewater and the sludge before acidification.
• Raw wastewater and the sludge after acidification.
• Raw wastewater and the sludge after stirring (influent to the anaerobic reactor).
• The effluent wastewater and the sludge of the anaerobic reactor.
• The influent to the aerobic reactor after stirring.
• The final wastewater effluent and sludge after aerobic treatment.
The physical and chemical characteristics of the tannery raw and treated wastewater were determined according to DIN-norms [15] . For the heavy metal analysis, the sludge samples were oven dried at 105°C for a period of 24 hours. All wastewater samples along with a known weight of the sludge samples were acid digested using nitric acid followed by hydrogen peroxide according to US EPA [16] . Metal concentrations were determined using a Varian atomic absorption spectrometer, model SpectrAA-400 equipped with GTA-96 graphite tube atomizer, attached to an IBM personal computer AT (programmed for Varian-SpectrAA-300/400). The metals studied were Cr, Ni, Cd, Pb, Cu and Zn. Each result for each sample presented here is averaged from ten sequential readings. As an instrument for procedure, double-distilled water that digested using the procedure previously described was employed. The overall results presented here are the average of all the studied samples.
Results and discussion
The chemical characteristics of the three different samples of tannery wastewater (A, B Figure 2 . The levels of chromium and the other associated metals in the three different samples and the total mixed sludge are given in Table  III . These results show that the raw wastewater contains a high level of Cr while the other associated metals showed very low concentrations. The highest Cr level was found in tannery wastewater (A). On the other hand, the raw mixed sludge showed reasonable accumulation of the studied metals as indicated by the value SLG: TMWW (i.e. the level of metal in the sludge in correlation to its presence in the mixed tannery wastewater). The lowest SLG : T.M.WW was exhibited by Cr, which explains the high presence of Cr in the wastewater and vice versa for the other associated metals.
The levels of heavy metals in the effluent of the anaerobic reactor are given in Table IV 
The non-filterable total solids exhibited a noticeable uptake of Cr as well as the other associated metals. The levels of metals in the sludge of the anaerobic effluent (Table IV) were considerably higher than the sludge of influent to the anaerobic reactor (Table III) , particularly in terms of Cr and Ni. This may be due to the long retention time of the sludge in the anaerobic reactor (Figure 1 ) which allowed the sludge to absorb the dissolved metals as a consequence of longer periods of contact. A remarkable achievement in the levels of COD and organic N in the effluent of the anaerobic reactor was obtained (Table V) . However, ammonia increased from 318 to 353 mg/l which is due to the dissolution of Note: BDL = below minimum detection limits (0.001 mg/l) SLG: MTWW = the level of metal in the sludge correlated to its presence in the mixed tannery wastewater
particulate ammonia from the sludge of the reactor to the wastewater. The anaerobic effluent was subjected to the aerobic reactor where a further improvement in the characteristics of the tannery wastewater was exhibited (Table V) as indicated from the percentage of elimination for COD, organic N and ammonia. The level of heavy metals in the effluent of the aerobic reactor is given in Table VI . These results demonstrate a slight increase in the level of metals in the effluent compared with influent wastewater. Meanwhile, the level of metals in the effluent sludge was considerably lower than that of the influent sludge, which explains the increase of metals in the effluent wastewater (accepted levels of heavy metals in the sludge are given in Table VII) . It is worth noting that the aerobically produced sludge accumulated Cr much more than the raw sludge as indicated from the value SLG/WW for aerobic sludge (2, 824) and for the raw sludge (92.7) as shown in Figure 3 . This explains the significant decrease of Cr in the final effluent of the aerobic reactor compared to the raw wastewater (Tables III and VI ).
In conclusion, the anaerobic treatment process has certainly improved the characteristics of the different samples of tannery wastewater. In terms of heavy metals, the main problem was the high level of Cr in the three different samples of wastewater. The anaerobic process decreased the level of Cr as well as the other associated metals. The resultant sludge, therefore, contained a higher level of Cr up to 8,486 mg/kg as dry weight which is far in excess of the acceptable guideline regulation for the level of metals in the sludge (Table VII) . Further treatment of the wastewater through the aerobic process achieved a remarkable improvement in the wastewater characteristics. Meanwhile, a considerable decrease in the level of metals in the produced sludge was obtained (Figure 4) 
Figure 3
The level of metals in the sludge in correlation to its presence in the wastewater, i.e. raw wastewater and/or the final effluent of the aerobic reactor
Figure 4
Correlation between the level of metals in the raw sludge and the produced sludge from the anaerobic and the aerobic treatment process (as mg/kg dry weight)
[ 79 ] The level of Cr decreased to 2,824 mg/kg dry weight, but was still higher than the acceptable level, namely 900 mg/kg. It has been reported in this respect that the lack of knowledge of the threshold values and the long-term effects of Cr [17, 18] strongly militate against the use of such tannery sludges as manure in agriculture [19] . Meanwhile, the organic ligands and/or acid conditions increase Cr III mobility in the soil [20] . Furthermore, Cr III can be oxidized in the soil to the more toxic and mobile forms IV by manganese oxide. Although the concentration of the other metals in the sludge are below the permitted level, the over-load Cr is further evidence that the use of such sludge in agriculture should be restricted [20] . The recommendation for the recovery of chromium from the tannery sludge [3, 13, 19] is strongly confirmed.
